Abstract
Introduction

MicroRNAs (miRNAs) are single-stranded RNAs of 22-nucleotides in length that play a critical role in regulating gene expression in multicellular organisms
. MiRNAs guide gene silencing by base pairing with the target mRNAs, and lead to translational repression and/or mRNA cleavage. MiRNAs direct diverse regulatory pathways, including developmental timing control, cell differentiation and proliferation, apoptosis and organ development [2] . Currently, over 600 miRNAs have been identified in human cells and it is estimated that thousands of genes in the human genome are regulated by miRNAs [3] .
The human genome contains over 3 billion base pairs of DNA, about 15% of which is believed to be transcribed [4] . From within this vast sea of RNA, the miRNA biogenesis machinery must recognize and process the tiny RNA fragments destined to become miRNAs. Here, we review the current understanding of miRNA biogenesis with an emphasis on the molecular machines that mediate this essential cellular process. We also discuss recent findings that have begun to shed light on how miRNA recognition and maturation are controlled. extended hairpin structure serves as signal for entry into miRNA maturation pathway (Fig. 1) .
The Microprocessor initiates miRNA processing
Within the nucleus, the hairpin structures formed in pri-miRNAs are recognized and cropped out of primary transcripts by a ~650 kD protein complex called the Microprocessor [15, 16] . The catalytic subunit of the Microprocessor is a protein in the RNase III family of enzymes named Drosha (also known as RNASEN) [9, 17, 18] [16, 19, 20] . DGCR8 acts by recognizing the junction between single-stranded and duplex RNA at the base of the pri-miRNA hairpin thereby anchoring the Microprocessor to the bottom of the hairpin structure [21] . Such [9] .
Recombinant Drosha in complex with DGCR8 is sufficient to recognize and properly cleave synthetic pri-miRNA substrates in vitro [15] . Therefore, the Drosha-DGCR8 complex is thought to form the functional core of the Microprocessor. However, the endogenous Microprocessor, when isolated from human or Drosophila cells, contains multiple additional protein subunits [15, 22, 23] 
Intronic pre-miRNAs can bypass the Microprocessor
Originally identified in Drosophila and C. elegans, there is also a subset of miRNAs that originate from short intronic hairpins termed 'mirtrons' [30, 31] . These miRNA precursors draw distinction from the conventional pri-miRNA in that they bypass the need for cleavage by Drosha. Instead, mirtrons are generated through action of the splicing machinery and lariat-debranching enzyme. The mirtrons rejoin the canonical miRNA biosynthesis pathway preceding cytoplasmic export.
The independence of mirtrons from Drosha/DGCR8 processing provides the possibility of having pre-miRNA originating from different pathways. Recently, it was found that both plants and mammals generate mirtrons as well [32] . The presence of mirtrons could be a strategy of evolution in diversifying miRNA-based gene silencing.
The Exportin-5 Complex transports pre-miRNA to the cytoplasm
Upon being generated by the Microprocessor or through the mirtron pathway, pre-miRNA hairpins are exported to the cytoplasm of the cell [8] . The nuclear export process is mediated by ã 230 kD protein complex containing the nucleoplasmic transport factor Exportin-5 (Exp5) [33] [34] [35] [36] [37] . Exp5 is a member of the karyopherin family of transport proteins that interact directly with the small GTPase Ran (RAs-related Nuclear protein). Exp5 recognizes the characteristic 3'-overhang terminal end of the pre-miRNA and part of its duplex structure [38, 39] . Pre-miRNA binding to Exp5-Ran requires Ran to be in the GTP bound state (RanGTP). The premiRNA bound complex then moves to the cytoplasm through the nuclear pore complex. In the cytoplasm, the Exp5 complex interacts with Ran GTPase activating protein (RanGAP), which stimulates the GTPase activity of Ran [40] . [35] . Intriguingly, ILF3 also interacts with the Microprocessor Fig. 1 [44] [45] [46] .
GTP hydrolysis then induces Exp5 to release its cargo into the cytoplasmic milieu. Exp5 has also been shown to interact with the protein interleukin enhancer-binding factor (ILF3, also called NF90 and NFAR1)
The RISC-loading process has been best studied in Drosophila embryo extracts. Flies contain two distinct RLCs: RLC-1 contains the proteins Dicer-1 and Loquacious (also called R3D1) [47] ; RLC-2 is composed of the proteins Dicer-2 and R2D2 [42, 48] . The function of the Dicer subunit in the RLC is to process dsRNA into small RNA duplexes of uniform length, typically about 20 base pairs [49] . This is accomplished by making a double-stranded cleavage roughly 20 nucleotides from the free open end of the pre-miRNA hairpin or long dsRNA [50, 51] . Like Drosha, Dicer is a member of the RNase III family of enzymes and thus also generates RNA products with 3' 2-nucleotide overhangs and 5' terminal phosphates [49, 52] . In Drosophila, Dicer-1 is responsible for miRNA production and is an essential protein that is required for fly development [53] . Dicer-2, on the other hand, is not required for development but is involved in the production of small interfering RNAs (siRNA), which are generated from long dsRNA fragments and mediate silencing of retrotransposons and RNA viruses [54, 55] .
After cleavage by Dicer, the small RNA duplex is thought to dissociate from the RLC and then rebind [56] . The release and rebinding of mi-or siRNA duplexes to the RLC has two functions in flies. First, rebinding allows small RNA sorting so that duplexes generated by RLC-1 can be transferred to RLC-2 and vice versa [57, 58] . Second, rebinding allows the duplex to orient itself on the RLC in such a way that the correct 'guide' strand of RNA is loaded into Ago.
Selection of the guide strand is one of the final steps in miRNA biogenesis. The rule for choosing which RNA strand in the miRNA duplex is to be retained in Ago and which is to be discarded as the 'passenger' is well established: the RNA strand with its 5' end on the less thermodynamically stable end of the duplex is designated as the guide strand [59, 60] . The mechanism by which thermodynamic asymmetry is measured is best understood for siRNAs in the Drosophila RLC-2. In this complex, the protein R2D2, which contains two double-stranded RNA binding domains (dsRBD), selectively binds to the end of the siRNA duplex that possesses the greatest double-stranded character [42] . This binding orients the siRNA duplex on the RLC for the next step in the process, which is the recruitment and passing of the duplex to the protein Argonaute-2 (Ago2). Once the duplex has been passed to Ago2 one siRNA strand (the passenger) is cleaved and discarded, whereas the other strand (the guide) is retained as a mature siRNA and used in subsequent gene silencing. The orientation of the duplex as it is passed from Dicer-2/R2D2 to Ago2 determines which strand will be retained. MiRNAs are thought to be loaded into Ago1 through RLC-1 using a similar mechanism, except that the passenger strands in miRNA duplexes are not cleaved, but instead removed by an uncharacterized bypass mechanism [61] .
In human cells, Dicer is associated with Ago2 prior to miRNA duplex binding [41, 43] [64] [65] [66] [67] [68] [69] . However, in contrast to the Drosophila system, human Ago2 has been shown to associate with the RLC even prior to pre-miRNA binding [41, 43] . Furthermore, after human Ago2 is loaded with the guide miRNA, it dissociates from the RLC [41, 63] . In contrast, Drosophila Ago2, Dicer-2 and R2D2 stay associated with each other and recruit additional protein components to form an 80S super assembly termed 'Holo-RISC' [70] .
Mature miRNAs silence target genes from within RISC
Argonaute bound to a single-stranded guide miRNA forms the core subunit RISC (also called miRISC and miRNP), the effector complex of miRNA-mediated gene silencing [45, 46] [75] . The mechanism of translation repression by miRNAs is the subject of many reviews and to date remains somewhat controversial [76] [77] [78] [79] [80] [81] [82] . 
Discussion and future directions
